Nano-ZnO loaded mesoporous SiO 2 was prepared by sol-gel technology as a photocatalytic composite. XRD, SEM, TEM, EDX, and N 2 sorption isotherms were used to characterize the nano-ZnO/mesoporous SiO 2 . Acid Red 18 was used as simulated pollutant to determine the photocatalytic performance of nano-ZnO/mesoporous SiO 2 under ultraviolet light and solar light. The results showed that 6.4 nm ZnO was obtained and immobilized on mesoporous SiO 2 . Compared to the mesoporous SiO 2 , the surface area and average pore width of nano-ZnO/mesoporous SiO 2 were reduced by 12 m 2 /g and 0.7 nm, respectively. 50% ZnO content in a composite calcinated at 200 ∘ C exhibited the best photocatalytic activity. The removal of Acid Red 18 under solar irradiation was 10% higher than ultraviolet light.
Introduction
Zinc oxide (ZnO) is an important -type semiconductor with a wide-bandgap energy of 3.37 eV [1] and an exciton binding energy of 60 meV at room temperature. ZnO is suitable as a photocatalyst for decomposing organic contamination in aqueous solutions and can present a higher photocatalytic activity than TiO 2 [2, 3] . Compared with bulk ZnO, nanopowder ZnO improves the catalytic activity due to the quantum size effect [4] . Su et al. prepared quantumsized ZnO for photocatalytic degradation of the reactive dye "brilliant blue X-BR" with nearly 100% color removal [5] . In a subsequent study, nano-ZnO under UV irradiation exhibited about 100% removal of "Acid Yellow 23" within 60 min [6] .
However, nano-ZnO is so small that it is difficult to recycle from aqueous solutions following photocatalytic processes, which limits its application in water treatment. To overcome this shortcoming, Motshekga et al. developed a composite photocatalyst on which nano-ZnO was immobilized on larger particle carriers [7] . Mesoporous SiO 2 is an excellent carrier for catalysis [8, 9] because it provides an increased catalytic space over microporous carriers, which is advantageous for adsorption of molecular dye. Mesoporous SiO 2 could decrease the dosage of the nano-ZnO and increase the utilization rate. On the other hand, mesoporous SiO 2 could improve the dispersion of nano-ZnO and reduce the reunion.
In this study, a photocatalytic composite of nano-ZnO immobilized on mesoporous SiO 2 was prepared by a sol-gel method. X-ray diffraction, N 2 sorption isotherms, scanning electron microscopy, transmission electron microscopy, and energy-dispersive spectroscopy were used to comprehensively characterize the nano-ZnO/mesoporous SiO 2 composite. Acid Red 18 was used as a simulated pollutant to determine the photocatalytic performance of our composite under ultraviolet or solar light.
Experimental

Preparation of Nano-ZnO/Mesoporous SiO 2 Composite.
To prepare the nano-ZnO/mesoporous SiO 2 composite, 1.10 g zinc acetate was dissolved with stirring in 50 mL anhydrous ethanol at 80 ∘ C. A certain quantity of mesoporous silica gel was added to the zinc acetate solution to form a hybrid system. A lithium hydroxide solution of 0.29 g lithium hydroxide and 50 mL anhydrous ethanol was added with 100 mL -hexane at room temperature to the hybrid system. A white gel was obtained by overnight refrigeration, from which a solid was obtained by centrifugation and drying at 100 ∘ C. The nano-ZnO/mesoporous SiO 2 composite was prepared by calcination at 200 to 400 ∘ C over 2 h.
Characterization of Materials.
The crystal phases of nano-ZnO/mesoporous SiO 2 were analyzed by X-ray diffraction (XRD) on a PaNalytical X-ray diffractometer (X'Pert Pro MPD, Netherlands) using Cu K radiation. Scanning electron microscopy (SEM) was performed by a Nova NanoSEM (FEI, USA) with energy-dispersive X-ray spectroscopy (EDX). Transmission electron microscope (TEM) was carried out using a JEM-2010 (JEOL, Japan). N 2 sorption isotherms were measured using a Micromeritics ASAP2020 system (USA).
Photocatalytic Experiment.
Acid Red 18 was used to determine photocatalytic performance. The maximum absorption wavelength of Acid Red 18 was 506 nm. To assess photocatalytic activity, 200 mL of 20 mg/L Acid Red 18 and a certain dosage of nano-ZnO/mesoporous SiO 2 were added to a 250 mL beaker with magnetic stirring. A 10 cm long mercury UV lamp (10 W Guangdong Bright Star) was used as the radiation source with a wavelength of 245 nm. The solar light experiment was carried out under sunlight irradiation. After a certain reaction interval of 40 min, a 10 mL sample was removed and centrifuged at 12000 rpm to remove the catalyst. The dyestuff absorbance of Acid Red 18 was analyzed by a UV-2102PC UV-Vis spectrophotometer (UNICO, China) after centrifuging. The degradation rate of Acid Red 18 was calculated by the following equation:
Here, 0 was the initial concentration of Acid Red 18 and was the concentration of Acid Red 18 at time. Figure 1 shows XRD analysis of ZnO, mesoporous SiO 2 , and nano-ZnO/mesoporous SiO 2 composites at different calcination temperature from 100 ∘ C to 400 ∘ C. XRD of mesoporous SiO 2 yields an intense peak from 20 to 30
Results and Discussion
XRD Analysis.
∘ [10] . The large band (not a peak) between 20 ∘ and 30 ∘ is easily ascribed to amorphous silica. The ZnO characteristic peaks are shown at 2 values of 31.7, 34.4, 36.2, 47.5, 56.5, 62.8, 67.9, and 68.8 ∘ in Figure 1 . All peaks can be well indexed to standard patterns (JCPDS 36-1451) without any impurity phases [11] . The major peaks of ZnO at 2 values of 31.7, 34.4, 36.2, and 47.5
∘ can be indexed to (100), (002), (101), and (102) crystal planes and characteristic ZnO peaks become obvious at calcination temperatures above 200 ∘ C. From Figure 1 , it can be seen clearly that the half peak widths of characteristic peaks gradually reduce with increasing calcination temperatures. This indicates that ZnO particle sizes increase with calcination temperature. According to the Scherrer equation [12] , the ZnO particle size of composite was 6.4 nm. Furthermore, the crystalline peaks suggest that the sample measured is already zinc precursor impregnated silica and not pure silica. Figure 2 shows that both nanoZnO/mesoporous SiO 2 and mesoporous SiO 2 exhibit type IV isotherms [13] with high surface areas (318 and 330 m 2 /g) and average pore widths (7.9 and 8.6 nm), respectively. Thus, compared with mesoporous SiO 2 , the surface area and average pore width of the composite fell by 12 m 2 /g and 0.7 nm, respectively. This suggests that nano-ZnO is confined inside the pores of mesoporous SiO 2 .
N 2 Sorption Analysis.
Morphological Analysis.
The SEM of nano-ZnO/mesoporous SiO 2 (Figure 3(a) ) shows a large particle size, which is advantageous for catalyst recovery from aqueous solutions. From the EDX analysis of the composite, the atomic ratio of Zn to Si is about 3 : 4. Thus, the mass content of ZnO in the composite is about 57%, close to the theoretical 50% ZnO content. From TEM of the composite (Figure 3(b) ), the ZnO particle sizes are shown to be on the nanoscale, which is similar to the results of the XRD analysis. Combined with SAED, the TEM image shows sharp lattice fringes with 0.26 nm spacing in the nano-ZnO/mesoporous SiO 2 , corresponding to the (002) planes of wurtzite phase ZnO crystals.
Photocatalytic Activity Test of Composite. Figure 4(a)
shows the photocatalytic performance of nano-ZnO/mesoporous SiO 2 composites with various ZnO contents from 10% to 70%. The composite with 50% ZnO content showed the best photocatalytic activity with 83.5% removal of Acid Red 18 at 320 min. Excessive ZnO in the composite may cause aggregation to yield increased particle sizes, which can reduce the quantum size effect. Mesoporous SiO 2 has a great adsorption amount of Acid Red 18. The high ZnO content means the low SiO 2 in composite photocatalyst. The decline of adsorption ability is also causing the decrease of catalytic activity. Under UV irradiation, electronic (e − ) can be agitated from valence band (VB) to conduction band (CB) of ZnO to produce hole (h + ). The hole can react with hydroxyl ion to generate hydroxyl radical (•OH). The •OH shows a strong oxidation ability to decompose the organic contamination in aqueous. The number of •OH can be increased with the rise of nano-ZnO content in nanoZnO/mesoporous SiO 2 . However, excessive ZnO in composite photocatalyst may aggregate together to increase nanoZnO particle size. The big particle size of ZnO can reduce the quantum size effect and decrease the catalytic activity.
On the other hand, mesoporous SiO 2 has a good ability of adsorption of organic contaminants. The high ZnO content means the low mesoporous SiO 2 in composite photocatalyst. The decline of adsorption ability of ZnO/mesoporous SiO 2 is also causing the decrease of catalytic activity. So, the 50% ZnO content in ZnO/mesoporous SiO 2 composite is optimal value in this study.
The precursor obtained after sol-gel procedure was treated by calcination. The nano-ZnO/mesoporous SiO 2 composites were prepared at different calcination temperatures at 100 ∘ C, 200 ∘ C, and 300 ∘ C. The catalytic activity of nano-ZnO/mesoporous SiO 2 composite is shown in Figure 4 (b). From Figure 4(b) , it is shown clearly that the high photocatalytic activity of nano-ZnO/mesoporous SiO 2 composites is calcinated at 200 ∘ C. Higher calcination temperature can cause particle aggregation and result in a decrease in photocatalytic activity.
Finally Figure 4 (c) shows that the degradation of Acid Red 18 under solar irradiation was 10% higher than under ultraviolet irradiation. This is because sunlight contains a mixed spectrum and nano-ZnO/mesoporous SiO 2 composites can use wider ranges of light, leading to 93% degradation under solar light irradiation.
Conclusions
A photocatalytic composite of nano-ZnO immobilized on mesoporous SiO 2 was prepared using a sol-gel process. 6.4 nm ZnO was obtained and immobilized on mesoporous SiO 2 . Compared to mesoporous SiO 2 , the surface area and average pore width of nano-ZnO/mesoporous SiO 2 Journal of Nanomaterials 5 decreased by 12 m 2 /g and 0.7 nm, respectively. Composites with a ZnO composition of 50% prepared at 200 ∘ C calcination temperature had the best photocatalytic activity, achieving 95% color removal at 320 min under solar light. The removal of Acid Red 18 under solar irradiation was 10% higher than under ultraviolet light.
